Abstract-In this paper a new design of MMIC based LNA is outlined. This design uses a discrete 100-nm InP HEMT placed in front of an existing InP MMIC LNA to lower the overall noise temperature of the LNA. This new approach known as the Transistor in front of MMIC (T+MMIC) LNA, possesses a gain in excess of 40 dB and an average noise temperature of 9.4 K compared to 14.5 K for the equivalent MMIC-only LNA measured across a 27-33 GHz bandwidth at a physical temperature of 8 K. A simple ADS model offering further insights into the operation of the LNA is also presented and a potential radio astronomy application is discussed.
I. INTRODUCTION
L OW noise amplifiers (LNAs) form the most important part of the sensitive coherent receivers that are used in radio astronomy and the advancement that has taken place in our understanding of the universe over the last few decades is in no small part down to the development of ever lower noise LNAs. A good LNA should possess a reasonable amount of gain, which is used to suppress the noise contribution of the following components, and simultaneously it should contribute as little additional noise as possible to the overall system. Very low noise Ka-band LNAs were developed by the Jodrell Bank Observatory (JBO) in the previous decade for the European Space Agency's Planck Low Frequency Instrument (LFI) [1] . These LNAs utilized the common microwave integrated circuit (MIC or hybrid) approach and were based on four discrete Indium Phosphide (InP) 100-nm gate length high electron mobility transistors (HEMTs), with the lowest-noise amplifiers possessing an absolute minimum noise temperature of 5 K and a band average (27) (28) (29) (30) (31) (32) (33) GHz) of 8.1 K.
However, the last three decades have also seen the development of an alternative approach to low-noise amplification: the monolithic microwave integrated circuit (MMIC) LNA. These amplifiers integrate all of the LNA's components (transistors, transmission lines, bias networks) onto a substrate with a large dielectric constant, for example Gallium Arsenide r ≈ 12.9 or Indium Phosphide (InP) r ≈ 13.1. The current lowest-noise Ka-band MMICs [2] achieve an average noise temperature of 15.5 K.
The integration of these components gives the MMIC LNA several advantages over comparable MIC designs. Their integrated nature reduces the number of components and bond wires required, making them easier and less time-consuming to integrate into a module (chassis). The use of substrates with a large dielectric constant results in substantially smaller LNAs (the MMIC chips are typically < 3 mm x 2 mm, whereas a MIC design may measure over 5-cm in length) making them more suitable for multi-pixel arrays. Mass production also increases the probability of fabricating a large number of LNAs with similar characteristics (gain, noise temperature, phase match) offering the potential for far greater control of systematic effects. These characteristics make MMIC-based LNAs an obvious choice for current and future telescope arrays [3] , [4] where the number of required high-quality low-noise LNAs could measure in the 1000s [5] .
However, their integrated nature comes at a price; although individual LNAs are cheap, there are considerable costs involved in the development of high-quality low-noise LNAs, with many wafer runs often being required to achieve the required design specifications. There is also a noise penalty as it is not possible to select the lowest-noise transistors for the first amplification stage. Manufacturing restrictions on the lengths and widths of the transmission lines limit the ability to match the transistors for low noise and the typically used substrates possess a relatively high loss tangent. Once fabricated there is also no opportunity to test and further optimize the design. This latter penalty is particularly true for the first stage input matching network and the bond wires that ground the HEMT's source contact, since small adjustments to the dimensions of these components can have a large impact on the noise and gain performance.
The purpose of this paper is to follow on from our first report of the successful hybridization of MIC and MMIC technologies [6] with a more detailed look at the amplifier and to report the improved performance that has resulted from additional cooling to a physical temperature of 8 K. A model of the amplifier has also been developed and is used for discussion of the current design flaws, the underlying physics and what the next stage in the LNA's development should be. We were originally motivated to develop this LNA in an effort to offer a relatively easy way of reducing the noise temperature of MMIC-based LNAs. This approach will be of benefit to radio astronomy in general, since it should allow for a greater use of cheaper commercial MMICs. It could also prove particularly useful for future CMB experiments where arrays with a large number of pixels are planned and one of the priorities will be to detect the very weak B-mode polarization signal.
II. DESIGN BASIS

A. Cascaded Systems
The noise temperature of a cascaded system is given by the familiar Friss equation (1) [7] , which shows that the overall noise temperature of such a system is dominated by both the noise temperature (T 1 ) and the gain (G 1 ) of the first component.
Thus placing a discrete transistor in front of a MMIC should lead to two beneficial effects. Firstly, the MMIC's contribution to the noise temperature of the overall amplifier will be suppressed by the gain of this transistor. Secondly, the LNA's noise temperature will be determined primarily by the noise temperature of the transistor. Therefore if the transistor possesses a noise temperature that is less than the noise temperature of the MMIC, the resulting LNA will possess an overall noise temperature only slightly higher than that of the transistor.
B. Linear Two-Ports
The advantages of a discrete matching network and discrete transistor can be illustrated by considering the work of Pospieszalski [8] , who showed that the minimum noise (T min ) of any linear two-port device is given by (2) , where T 0 is the standard temperature (290 K), Z s is the source impedance, Z opt is the optimum source impedance, R s is the source resistance and R opt is the optimum source resistance. N is given by (3) , where G opt is the optimal conductance and R n and G n are the noise resistance and conductance respectively.
(2) shows that it should be possible to match all devices to a given input impedance for which T n will equal T min . The transistor's matching network can be designed to do this. However, whilst this is relatively "easy" to do with discrete devices, the integrated nature of MMICs means that it is not usually possible to match their 50 Ω inputs ideally to the input impedance of the first transistor. Indeed it has been shown that even at lower frequencies the on-chip matching network contributes several degrees more to the overall noise temperature of the amplifier than an off-chip network [9] . These issues become even more apparent when you consider the use of LNAs at cryogenic temperatures. Typically an LNA designer may need to adjust matching network parameters iteratively to converge on a design optimized for cryogenic operation. For MIC LNAs this is much easier to achieve than for MMICs, for which the design is fixed at the time of the wafer run, although variations on a design may be accommodated on a wafer.
Consequently we developed a design for an LNA known as the Transistor in front of MMIC (T+MMIC) that exploits not only an off-chip matching network, but also utilizes a discrete transistor for the first stage of amplification. This facilitates:
• An accurate match to the first stage transistor, optimizing noise performance.
• Ease of modification to the design for cryogenic use.
• Suppression of the noise of the less-than-ideally matched MMIC.
III. THE DESIGN
A. The Active Devices
The T+MMIC LNA is based around two active components: a high-quality transistor and a good MMIC LNA. The transistor (Fig. 1a) is a 4 × 20 µm, 100-nm gate-length InP HEMT, that had originally been supplied to JBO by JPL Pasadena for use in the Planck project. The transistor was fabricated under the Cryogenic HEMT Optimization Program (CHOP) [10] , and originated from wafer run 3. These particular transistors, known as Cryo-3, still offer state-of-the-art noise performance and the use of such a transistor allows the T+MMIC LNA to be compared with the Planck LFI Ka-band LNAs.
The MMIC LNA (Fig. 1b) was developed as part of the European Commission's FARADAY project [11] . Since this was a radio astronomy project the MMIC LNA already possessed a good cryogenic noise temperature, typically around 20 K, and a gain in excess of 40 dB across its 26-36 GHz operating band. The FARADAY MMICs were fabricated on InP by Northrop Grumman Space Technologies (NGST). They utilize four 4 × 30 µm gate width, 100-nm gate length transistors. 
B. Module Design
For ease of assembly and to allow the use of pre-existing designs and components the module that houses the T+MMIC LNA is a merger of two existing JBO-designed LNA modules. The transistor section is based around the first stage of the Planck 30-GHz front end LFI LNA and the MMIC section is based on a Faraday MMIC test module that was developed as part of the QU-Instrument-JOint-Tenerife Experiment (QUI-JOTE) [12] . This approach enabled the use of the existing Planck Cryo-3 input matching network, which avoided the need for a re-design of the module, though this did restrict the bandwidth of the amplifier to 27-33 GHz. The merger of two modules also resulted in the transistor and the MMIC being connected by a rather long (∼7.2 mm) transmission line. This compromise was necessary in order to ensure adequate space in the module for the transistor bias circuitry. The module was machined in-house from brass and was gold plated. The internal components are connected to the waveguide ports by broadband microstrip to waveguide probe transitions. The layout of the prototype RF circuit can be seen in Fig. 2 . The assembled module can be seen in Fig. 3 . The goldplated microstrip lines are fabricated on a 76-µm Polyflon Cuflon substrate [13] , which has an electrical permittivity and a dielectric loss tangent of 2.05 and 0.00045 respectively. 
C. Theroretical Performance
Since the Planck amplifier used a Cryo-3 transistor for its first 2 stages we can estimate the average noise temperature of our LNA by using (1) and the average noise performance of both the Planck amplifier and the MMIC. Considering the first two stages (from (1) the third and forth stages are negligible) of the Planck amplifier the noise temperature can be written as the following:
Where T P lanck is the average noise temperature of the Planck amplifier (8.1 K), x and G are the noise temperature and gain (8 dB) of the Cryo-3 respectively. For the T+MMIC amplifier the following can also be written:
Where T M M IC is the average noise temperature of the Faraday MMIC (≈20 K). Re-arranging (4) and (5) and eliminating x gives the expected noise temperature of the T+MMIC LNA as ≈10K (6) .
IV. NOISE TEST EQUIPMENT A. RF System
The noise test set-up has been previously used to develop LNAs for the Planck Satellite and the Merlin array of radio telescopes. It consists of an HP (now Agilent Technologies) 8350B sweep generator, with an 83550A plug-in module and a 83554A mm wave source module to provide an LO to a down converting mixer, and an 8970B noise figure meter on the IF. For room-temperature measurements an Agilent R347B noise source is used to supply two different levels of input noise to the LNA. Cryogenic measurements were made using the "hot" and "cold" load approach where a variable temperature microwave-absorbing (and therefore emitting) waveguide load is coupled to the input of the LNA. Since the load is placed within the cryostat and we are able to measure the temperature of the load with great accuracy our results should have a similar level of accuracy. S 11 measurements of the load show that the match to the LNA is reasonable (S 11 <-15 dB), thus we are confident that T phys T RF .
B. The Cryostat
To perform the cryogenic noise measurements the LNA was placed in a cryostat that had previously been developed for sub-2-K physical temperature noise temperature investigations [14] . The cryogenic cooling system is built around a Pulse Tube Cooler (PTC), manufactured by Sumitomo Heavy Industries (SHI), with two cooling stages; the first cools a radiation shield to ∼50 K and pre-cools the 2nd stage, whilst the 2nd stage cools (with no LNA) to ∼3 K. Further cooling is available though it is not used for this investigation.
To enable the LNA's physical temperature to be controlled a TO220 resistor is attached to the LNA's body to allow its temperature to be increased. An identical approach is used to control the temperature of the hot / cold load. Both the LNA and the load are attached to the 3-K stage by means of a thermal switch, which allows for a more rapid adjustment in temperature than would be possible with only a resistor and a weak thermal link. Waveguide is used to carry the RF signal out of the cryostat. The waveguide is composed of two sections; a section of thin-walled gold-plated stainless steel waveguide (SS WG) and a section of brass waveguide (BR WG). These are used rather than copper as they offer reduced thermal conduction. The load is connected to the amplifier via a waveguide thermal break and a length of stainless steel waveguide; again this is to isolate thermally the LNA from the load.
A cryogenic readout / control unit that we developed previously from a device used for the QUAD telescope is used to monitor key temperatures within the system and to control the various heaters. A PID control loop sets load and LNA temperatures. We use silicon diode and ruthenium-oxide thermometers, calibrated against a rhodium-iron standard and GRTs to monitor the temperature. Fig. 4 shows the layout of the cryogenic system for noise temperature measurements. V. PERFORMANCE
The performance of the T+MMIC LNA was measured at a physical temperature of 8 K and the results are shown in Fig. 5a . For comparison purposes the results for a Faraday only MMIC LNA are also shown. For completeness, the room temperature performance is also shown in Fig. 5b . In all cases the amplifiers were biased for minimum noise. To highlight the effectiveness of this technique the Planck LFI average noise temperature (8.1K) is also shown, though it should be noted that this was measured at a physical temperature of 20 K. The T+MMIC LNA was measured at 8-K owing to recent results [14] where an LNA was cooled to 2-K that showed that noise temperature continues to decrease with decreasing physical temperature. We estimate that at cryogenic temperatures the uncertainty in our noise measurements is ±1 K whilst at room temperature we estimate that this increases to ±10 K. These estimates are based on repeated observations and are consistent with other measurements that have used similar techniques [15] . 
VI. MODELING
For further insight into the operation of the T+MMIC LNA a model of the amplifier was produced using Agilent's Advanced Design System (ADS). The transistor stage (transistor, bias networks, input and output transmission lines) is fully simulated in ADS, the outputs of which are then combined with the MMIC's S parameters and noise behavior to give the LNA's overall characteristics.
A. The Transistor Stage 1) Cryo-3 Transistor: The Cryo-3 transistor was simulated using a modified version (Fig. 6 ) of the standard 15-parameter equivalent circuit model (see [16] - [18] for a discussion on parameter extraction). This particular version was developed by M. Pospieszalski [19] . The equivalent circuit parameters were measured as part of the Planck project and are shown in Table I . Further details can also be found in [20] . For the room temperature simulations the passive extrinsic and intrinsic parameters are left unchanged from those of the cryogenic simulation [21] , whilst the Pospieszalski noise equivalent temperatures [22] T d , T g and T a are adjusted appropriately. For room temperature modeling the transconductance g m is decreased by ∼20% over the cryogenic temperature value [23] . The Voltage Controlled Current Source (VCCS) illustrated in Fig. 6 is the approach used in ADS to model a 3-port transistor. The other parameters are simulated by using ideal lumped components. The two transmission lines denoted TL are used to represent the inductance of the source pads. This inductance is modeled through the use of ideal microstrip lines with impedance = 20 Ω, length = 63.5 µm, r = 13.1.
2) Bias Networks: The components in the transistor's bias networks are also simulated using lumped components, whilst the transmission lines are simulated using microstrip components.
Gate Drain 3) Bond Wires: Although ADS includes bond wire simulation tools, the bond wire model only takes into account the wire's inductance, not the capacitive effects that arise from the surrounding metallic structure and the bonding points themselves. Since these effects can have a significant impact on the performance of the RF circuit, considerable work has been done to investigate and describe the behavior of bond wires [24] , [25] at mm-wave frequencies. The quasi-static , an EM simulator, can also be used to simulate the behavior of bond wires. However, like the quasi-static model the wire's profile needs to be well known, which is not always possible, as was the case here. Therefore a simpler single transmission line approach, where the bond wires are simulated using high impedance (150Ω), ideal ( r = 1) transmission lines was used. This approach had proved useful during the development of the Planck LNAs [19] . Fig. 7 illustrates the difference between a 500 µm (linear length) bond wire that was simulated in ADS using the bond wire simulation component, an equivalent bond wire (Fig. 7a ) simulated in HFSS and an ideal 150 Ω transmission line. Fig.  7b shows that a single high impedance transmission line still represents a good approximation to the HFSS simulation.
B. Faraday MMIC S Parameters
To allow the MMIC part of the amplifier behavior to be simulated in both the room temperature and cryogenic model, an equivalent MMIC from the Faraday Project was integrated into a suitable test module. This LNA's S Parameters were measured using an Agilent Technologies PNA-X from which the MMIC's S-parameters were extracted using the de-embedding technique outlined in [26] . Since the de-embedding process (7) requires the S and T (8) parameters of the surrounding test fixture to be known, models of the test module's input and output waveguide-to-microstrip transitions were produced in HFSS (Fig. 8) and the S-parameters simulated (Fig. 9) . The actual de-embedding was performed using the dedicated deembedding components in ADS. C. Modeling Performance 1) Gain: The predicted room-temperature and 8-K S 21 values were compared with the actual measured S 21 values and can be seen in Fig. 10 and Fig. 11 . The gain measured by the NFM is also shown. The slight ripple in the modeled S 21 is due to the effects of the long input and output waveguides not being fully removed from the measurements of the MMIC. The models confirm that the amplifier is behaving as expected from the Friss equation (1) . Fig. 11 shows that within the intended operating bandwidth (27-33 GHz) the noise temperature of the T+MMIC LNA sits just above the noise temperature of the transistor (first stage), with the gain suppressing the noise contribution of the MMIC. Outside this band, however, once the gain provided by the first stage reduces, the noise of the MMIC becomes more significant and the noise temperature of the T+MMIC LNA drifts towards that of the MMIC, as can be seen in Fig. 10 .
VII. CONCLUSION
MMIC LNAs are now the preferred choice for the LNAs required by radio astronomy, but their noise performance is still inferior to that of MIC-based LNAs. One possible solution is to use a discrete transistor in front of the MMIC. This paper has reported on the development of such an LNA, with an average noise temperature of 9.4 K. This is some 4-5 K lower than an equivalent MMIC LNA, representing a near 50% improvement. Cryogenic cooling to 8 K has also resulted in an amplifier that almost matches the noise performance of the lowest-noise Ka-band LNAs so far developed, illustrating that cooling below the typical 15-20 K that is currently used by most radio observatories may prove beneficial. We have also presented a simple approach to modeling such an amplifier, showing that the MMIC can almost be regarded as a "black box" in terms of the amplifier's development with only the transistor's equivalent circuit parameters and noise parameters needing to be measured with a probe station. The modeled data also show that we have demonstrated effective suppression of the (higher) MMIC noise by the lower-noise first-stage transistor, within its operating band.
VIII. DISCUSSION
Considering our earlier estimate of the expected noise temperature of the T+MMIC LNA; at 20-K (Fig. 12 ) the noise temperature is slightly higher (11.4 K) than that expected from the Planck amplifier (10 K). This is likely due to the Planck amplifiers using a slightly different version of the Cryo-3 which had a thiner passivation layer. These transistors were found to have a slightly better noise performance than the type of Cryo-3 transistor that was integrated into this amplifier.
During the development, the LNA was found to oscillate under certain conditions. Examining the measured and modeled S parameters showed that the amplifier was conditionally stable at several fequencies within its design bandwidth. This is likely due to the large quantity of gain and could potentially be resolved by a lower gain MMIC.
This approach would also be applicable to the experiments such as the Q/U-Imaging-Experiment (QUIET) which used integrated modules to observe the CMB, but encountered compression issues when using multiple MMICs in cascade to achieve sufficient gain [27] . This approach would offer slightly reduced additional gain, thus preventing compression, whilst also offering the potential for reducing the noise temperature.
One obvious drawback of this technology is the need to develop a new module for the integration of the MMIC and the transistor. A preferred approach would be to mount the transistor into its own module and connect via waveguide to an existing MMIC-based amplifier module. 
